February 2, 2008 0:59 Proceedings Trim Size: 9in x 6in 



sfk-proc 



o 
o 

CN ; ELECTROPHOBIC LORENTZ INVARIANCE VIOLATION 

Ph' for neutrinos and the SEE-SAW MECHANISM 

(D 

oo 
(N 



m 
(N 
m 

o 

o 



X 



S.F. KING 



Department of Physics and Astronomy, University of Southampton, 
Highfield, Southampton S017 IB J, UK 
^ . E-mail: sfk@hep.phys.soton.ac.uk 



In this talk we show how Lorentz invariance violation (LIV) can occur for Majorana 
neutrinos, without inducing LIV in the charged leptons via radiative corrections. 
Such "electrophobic" LIV is due to the Majorana nature of the LIV operator 
together with electric charge conservation. Being free from the strong constraints 
coming from the charged lepton sector, electrophobic LIV can in principle be as 
fH , large as current neutrino experiments permit. On the other hand electrophobic LIV 

^ ^ could be naturally small if it originates from LIV in some singlet "right-handed 

I ' neutrino" sector, and is felt in the physical left-handed neutrinos via a see-saw 

mechanism. 



1. Introduction 

In this talk we discuss a LIV scenario discussed in ^ with two desirable 
features: 

(i) natural explanation of smallness of LIV 

(ii) protection of LIV in the neutrino sector from the bounds coming 
from the charged lepton sector 

We satisfy (i) by supposing that such effects originate in the "right- 
handed neutrino" singlet sector, and are only fed down to the left-handed 
neutrino sector via the see-saw mechanism, thereby giving naturally small 
LIV in the left-handed neutrino sector. 

We satisfy (ii) by proposing a LIV operator which violates lepton num- 
ber by two units - forbidden by electric charge conservation for charged 
fermions: "electrophobic LIV" 

The motivation for LIV in the right-handed neutrino sector is: 

• Theoretically attractive since "right-handed neutrinos" could rep- 
resent any singlet sector, and need not be associated with ordi- 
nary quarks and leptons, except via their Yukawa couplings to left- 
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handed neutrinos. 
• The fact that LIV is associated only with such a singlet sector 
could provide a natural explanation for why LIV appears to be a 
good symmetry for charged fermions, while being potentially badly 
broken in the neutrino sector. 

2. CPTV in the right-handed neutrino sector 

Suppose that CPTV originates solely from the right-handed sector due to 
the operator: 

N^B'^^^^Ni (1) 



<H> <H> <H> <H> 




Figure 1. See-saw mechanism with CPT violation in the right-handed neutrino sector. 



The see-saw mechanism depicted in Fig.l leads to a naturally suppressed 
CPT violating operator in the left-handed neutrino sector: ^ 



m2 R'M 

Mocioiu and Pospclov ^ noted the following problem, namely that CPT 
violation is generated in the charged lepton sector via one-loop radiative 
corrections as shown in Fig. 2. 

The operator which is generated from Fig. 2 is given by: 

Llbioop^^^^^Li; LL = {vLeif (3) 
The CPT violating coefficient from Eq.3 is given by: 

belectron ^ ^Lp ~ 10"'^'' (4) 

The electron CPTV limit in this coefficient is given by: bgiectron 
GeV which impllies that b < 10'^^ GeV. 
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Figure 2. One-loop contribution of CPT violation in the rigiit-handed neutrino sector 
to CPT violation in the charged lepton sector. 

Is such a small amount of CPTV observable in the neutrino sector? 
To answer this question, consider the constraints arising from the CPTV 
operator: 

i'lKffW^ (5) 
It is conventional to consider the time component only of this operator: 

^tbl^W^ (6) 

The resulting two neutrino flavour equation of motion in the presence 
of CPTV is: 



. d 
I— . 

at 

where 



^, cos 26* sin 26* \ ^ /- cos 26*6 sin 20,, 
sin 261 cos26ij"^ I sin 206 cos 26*6 



(7) 



A = ^, B='l^ (8) 
AE ' 2 ^ ' 

This results in the oscillation probability that an electron neutrino remains 
an electron neutrino given by: 



p„ = i 



where 



sin^ (v/C2 + £>2 i)j (9) 



C = ^cos26' + Bcos26i6; £) = A sin 26* + B sin 2^6 (10) 

Neutrino oscillations arc sensitive to 6 ~ 10^^" GcV. Wc therefore conclude 
that the electron CPTV limit beiectron < lO^^'^ GeV above renders any CPT 
violation in the neutrino sector unobservable. 
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3. Electrophobic LIV in the Right-Handed Neutrino Sector 

In order to overcome this problem we suggested the foUowing LIV operator 
in the right-handed neutrino sector:^ 

HZ(NSh<y,ANB.)p; AL = 2 (11) 

The see-saw mechanism depicted in Fig. 3 then leads to naturally sup- 



<H> 



<H> 



N 
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Figure 3. See-saw contribution of LIV operator in the right-handed neutrino sector. 



pressed LIV in the left-handed neutrino sector: ^ 

^"'^= "l^^'T, (12) 

Note that both operators in Eqs.11,12 are Majorana operators. They 
can never lead to LIV in the charged lepton sector to all orders of pertur- 
bation theory due to electric charge conservation! 

Expanding the electrophobic LIV operator in Eq.l2: 

+ {vpL)^v'^^H^ - {v'=j^)^v^LH+ (13) 

where H± = (/i23-|-/ioi)±j(/ii3-f /io2)- Eq.l3 shows that electrophobic LIV 
allows Va Dp, whereas the CPT considered previously forbids Va ^ i^a- 



^This operator is reminiscent of the magnetic moment operator /ia,3(i^£)aO'pi/(i'L)/3^'^''- 
The main physical difference is that our operator is independent of any physical magnetic 
fields, and can in principle be arbitarily large. 
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We now consider constraints on the coefficient which controls electro- 
phobic LIV: 



H± /i23 + hoi = H 
The two neutrino equation of motion is: 



dt 

where 



VaR 



f-Acos2e Asin2^ B fuaL\ 

cos 26* -B Asm29 

Asm20 -B A cos 26* 

\ B A sin 2^ A cos 



Am2 



(14) 



(15) 



This leads to the two-flavour oscillation probabilities: 

A^ sin^ 26* 



P. 



A^ + B"^ 



sm 



(yA^ + B^ 



Polo. — P(xol — 1 P(xl3 ^0.(3 



P - = 

eta. — 



(16) 

(17) 

(18) 

(19) 
(20) 



We now summarise the experimental constraints on electrophobic LIV 
from different experiments. 

Constraints from CHOOZ/Palo Verde: 

CHOOZ and Palo Verde short baseline reactor experiments are con- 
sistent with no observed oscillation of z7g at baseline L ~ 1 km . This 
non-observation of any oscillations can be used to constrain H^^ ^ 10~^^ 
GeV 

[H^^ (= Hg/} due to CPT invariance) is the LIV coefii'ecient responsible 
for i'e{i'e) ^ ^fii^fs) transition.] 

Constraints from the KamLAND experiment: 
KamLAND observes the electron antineutrinos produced in nuclear re- 
actors from all over Japan and Korea. KamLAND results show a deficit 
of the antineutrino flux and are consistent with oscillations with Am^ and 
mixing given by LMA solar solution. 
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KamLAND being a disappearance experiment is insensitive to whether 
the z>e oscillate into due to mass and mixing or due to LIV. How- 
ever LIV driven oscillations are inconsistent with the KamLAND energy 
distortion data leading to H^^ < 7.2 x 10"^^ GeV. 

Constraints from the atmospheric neutrino data: 

The atmospheric neutrino experiments observe a deficit of the and 

type neutrinos, while the observed Vg and Uf. are almost consistent with 
the atmospheric flux predictions. 

The LIV term would convert ^^{I'lj) into while flavor oscillations 

convert v^{v^) to VT{i>T)- 

Since the experiments are insensitive to either u^- or u^-, they will be 
unable to distinguish between the two cases. 

LIV case is independent of the neutrino energy (same predicted suppres- 
sion for the sub-GeV, multi-GeV, and the upward muon data). Therefore 
pure LIV term fails to explain the data but can exist as subdominant effect 
along with mass driven flavor oscillations, leading to limit: iJ^f ^ 10~^° 
GeV. 

Constraints from the future long baseline experiments: Bet- 
ter constraints on LIV coefficient requires experiments with longer base- 
lines. MINOS and CERN to Gran Sasso (CNGS) experiments, ICARUS 
and OPERA, have a baseline of about 732 km, though the energy of the i'^ 
beam in MINOS will be different from the energy of the CERN z/^ beam. 
However, since the LIV driven probability is independent of the neutrino 
energy, all these experiment would be expected to constrain if^^ ^ 10~^^ 
GeV. 

JPARC has shorter baseline of about 300 km only, while the NuMI 
off-axis experiment is expected to have a baseline not very different from 
that in MINOS and CNGS experiments. The best constraints in terrestrial 
experiments would come from the proposed neutrino factory experiments, 
using very high intensity neutrino beams propagating over very large dis- 
tances. Severe constraints, up to ff^^ ^ 10"^"^ GeV could be imposed for 
baselines of ~ 10, 000 km. 

Constraints from solar neutrinos: 

Neutrinos coming from the sim, travel over very long baselines 1.5 x 
10^ km. So one could put stringent constraints on H^^ from the solar 
neutrino data. However the situation for solar neutrinos is complicated due 
to the presence of large matter effects in the sun. 

Constraints from supernova neutrinos: 

Supernova are one of the largest source of astrophysical neutrinos, re- 
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leasing about 3 x 10^'^ ergs of energy in neutrinos. The neutrinos observed 
from SN1987A, in the Large MageUanic Cloud, had traveled ^ 50 kpc to 
reach the earth. Neutrinos from a supernova in our own galactic center 
would travel distances ~ 10 kpc. These would produce large number of 
events in the terrestrial detectors like the Supcr-Kamiokandc. The ob- 
served flux and the energy distribution of the signal can then be used to 
constrain the LIV coefficient. 

Constraints using the time of flight delay technique: 
The violation of Lorcntz invariance could also change the speed of the 
neutrinos and hence cause delay in their time of flight. The idea is to find 
the dispersion relation for the neutrinos in the presence of LIV and extract 
their velocity v = dE/dp, where E is the energy and p the momentum of the 
neutrino beam. Then by comparing the time of flight of the LIV neutrinos, 
with particles conserving Lorentz invariance, one could in principle con- 
strain the LIV coefficient. The presence of the LIV term in the Lagrangian 
gives a see-saw suppressed correction to the mass term. Therefore 

E'^ 

where m is the usual mass of the neutrino concerned and m\jy is the LIV 
correction. 

4. Conclusion 

• LIV may be introduced into a "right-handed neutrino" sector at 
some high scale, resulting in suppressed LIV in the left-handed 
neutrino sector via the see-saw mechanism. 

• The Ai = 2 lepton number violating operators induce LIV into 
the left-handed Majorana neutrino sector, while protecting LIV in 
the charged lepton sector to all orders of perturbation theory due 
to electric charge conservation 
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